Previously, we found that log-phase cells of Saccharomyces cerevisiae contain a new type of viruslike particles containing only plus-strand L-A single-stranded RNA (ssRNA). These particles synthesize minus-strand RNA in an in vitro RNA polymerase reaction to produce L-A double-stranded RNA (dsRNA). The major class of particles contains L-A dsRNA and synthesizes plus-strand L-A ssRNA by a conservative mechanism (9). In this paper, we show that mutations in maklO or the petl8 locus, which result in temperature-dependent replication of L-A dsRNA in vivo, also result in instability of the L-A dsRNA-containing (major class) viruslike particles in vitro. The L-A dsRNA (minus-strand)-synthesizing particles isolated by CsCl density gradient centrifugation synthesize plus-strand L-A ssRNA after completion of dsRNA (minus-strand) synthesis and have the same major coat protein as that of the major-class particles. Furthermore, the density of the dsRNA-synthesizing particles from wild-type cells shifts to that of the major-class dsRNA-containing particles as a result of the in vitro RNA polymerase reaction. Thus, L-A dsRNA-synthesizing particles undergo functional and structural maturation in vitro.
major coat protein as that of the major-class particles. Furthermore, the density of the dsRNA-synthesizing particles from wild-type cells shifts to that of the major-class dsRNA-containing particles as a result of the in vitro RNA polymerase reaction. Thus, L-A dsRNA-synthesizing particles undergo functional and structural maturation in vitro.
Most strains of the yeast Saccharomyces cerevisiae harbor a 4.5-kilobase double-stranded RNA (dsRNA) called L-A dsRNA. L-A dsRNA is found as intracellular noninfectious viruslike particles (VLPs) whose major coat protein is encoded by L-A dsRNA itself. L-A VLPs are transmitted by cytoplasmic mixing such as occurs during mating (1, 12, 19) .
L-A dsRNA requires the products of the chromosomal genes MAK3, MAKIO, and PET18 for its replication or maintenance (18, 19, 25) , and petl8 mutations cause structural instability of L-A dsRNA-containing VLPs (10) . These genes also affect maintenance of another dsRNA, called M (1.5 or 1.8 kb, depending on the subspecies), which encodes the killer toxin, a secreted protein lethal to other strains of the same species (3, 20, 24) . A set of six chromosomal genes, called SKI genes, negatively control L-A dsRNA replication (2, 21). L-A dsRNA itself also carries genetic activities ([HOK] , [NEX] , and [EXL] ) in several different combinations, which are defined by their effects on M dsRNA replication (18, 19, 23, 25) .
Judging by in vivo density transfer experiments, L-A dsRNA replication seems to be conservative (14, 17) , similar to that of reoviruses (27) but unlike that of Penicillium stoloniforum virus S, which is semiconservatively replicated (5, 6) . In vivo pulse-chase experiments indicate a sequential replication: first plus-strand synthesis, followed by minusstrand synthesis (15) .
L-A VLPs prepared from stationary-phase cells have one L-A dsRNA molecule per particle and have an RNA polymerase activity whose product is plus-strand L-A singlestranded RNA (ssRNA) which is extruded from the VLPs (4, 7, 11) . We call these "mature" or "main-peak" L-A VLPs. Previously, we reported a new type of L-A VLP of lighter density whose in vitro RNA polymerase reaction product was L-A dsRNA (9) . These particles were present when particles were prepared from logarithmically growing cells * Corresponding author.
but not from stationary-phase cells (9) . The newly synthesized strand of L-A dsRNA was minus strand, and the lightest particles which had dsRNA-synthesizing activity had only plus-strand L-A ssRNA. From these results, we proposed a replication model for L-A dsRNA. VLPs with one L-A dsRNA molecule per particle synthesize plusstrand L-A ssRNA. Some of the plus-strand ssRNA molecules are encapsidated somehow by coat protein or preformed empty heads, so that a particle with plus-strand ssRNA is formed. Then this particle synthesizes minusstrand RNA, using the plus-strand RNA as template to again produce a particle with L-A dsRNA (a mature L-A VLP) (9) .
A similar model has been proposed for M dsRNA replication, except for the formation of particles with two M dsRNA molecules per particle (7) .
In this paper, we demonstrate the functional and structural in vitro maturation of L-A dsRNA-synthesizing particles and describe the effects of temperature-sensitive makl0 and petl8 mutations on these L-A VLPs.
MATERIALS AND METHODS
Strains and media. Strains used in this study are listed in Table 1 . YPAD medium contains 1% yeast extract, 2% peptone, 2% glucose, 0.05% adenine hydrochloride, and 2% agar. YPAD broth was the same as YPAD medium but without agar. MB medium was YPAD medium that was buffered at pH 4.7 with 50 mM sodium citrate and that contained 0.003% methylene blue. Complete minimal broth was the same as complete minimal medium (23) Hybridization. Hybridization of RNA polymerase reaction products with M13-cloned plus-and minus-strand fragments of L-A dsRNA was done as described previously (9) .
In vitro density shift experiment. dsRNA-synthesizing particles (buoyant density, 1.359 g/ml; total RNA polymerase activity, 340 pmol of UTP incorporated per h at 30°C) from a MAKIO strain (RE59) were incubated for 70 min at 30°C with an RNA polymerase reaction mixture from which bentonite was omitted. The reaction was stopped by addition of 10 mM sodium EDTA, and VLPs labeled with 32p were separated from unincorporated UTP on a Sephadex G50 column (5 by 230 mm). The elution buffer was buffer A containing 5% glycerol. To the VLPs labeled with 32p, unlabeled main-peak particles (buoyant density, 1.410 g/ml; 122 ,ug of L-A dsRNA) prepared from RE59 were added as an internal standard. The density of the solution was adjusted to 1.35 g/ml by addition of CsCl, and the solution was centrifuged at 130,000 x g at 4°C for 20 h. The gradient was fractionated, and radioactivity of an aliquot of each fraction was measured. Phenol-extracted L-A dsRNA from the mainpeak particles added as an internal standard and phenolextracted in vitro-labeled L-A dsRNA from dsRNAsynthesizing particles were analyzed in an agarose gel and detected by ethidium bromide staining and autoradiography, respectively.
As control, dsRNA-synthesizing particles (total RNA polymerase activity, 850 pmol of UTP incorporated per h at 30°C) were subjected to CsCl density gradient centrifugation without an in vitro RNA polymerase reaction. The gradient was fractionated, and the RNA polymerase activity of each fraction was assayed.
RESULTS
Effects of maklO(Ts) and petl8 mutations on L-A VLPs. L-A dsRNA requires the MAK3, MAKJO, and PET18 gene products for its replication or maintenance. We previously reported a new type of lighter-density L-A VLPs, which synthesize L-A minus strands to form dsRNA in vitro, along with the mature form of L-A VLPs, which contain dsRNA and synthesize L-A plus-strand ssRNA in a conservative reaction (9) . To examine the effects of a maklO mutation on both types of L-A VLPs, we obtained temperature-sensitive intragenic revertants of a maklO mutation as described in Materials and Methods. SKI gene products are repressors of L-A dsRNA replication, and so to obtain large amounts of L-A VLPs, we crossed one of these revertants (TF134) with a ski2-2 strain (RE56) and analyzed meiotic tetrads to obtain maklO(Ts) ski2-2 double mutants. Figure 1 shows an analysis of L-A dsRNA content in two tetrads from that cross. One of the spore clones, 7D, 5 kb) , which has no homology with L-A dsRNA (19) and is present in an increased amount because of the presence of the ski2-2 mutation (2).
We prepared L-A VLPs from log-phase cells of TF229 (MAKIO) and TF230 [maklO(Ts)], grown at 20°C. After CsCl density gradient centrifugation, we found only dsRNAsynthesizing particles when L-A VLPs were prepared from the maklO(Ts) mutant (Fig. 2C and D) , although the MAKIO strain (TF229) under the same preparation conditions gave the two types of particles normally observed ( Fig. 2A and  B) . TF230 [maklO(Ts)] contains roughly the same amount of L-A dsRNA as that in TF229 (MAKIO) (Fig. 1, lanes 13 and  16) , and before CsCl density gradient centrifugation, the preparations from TF229 and TF230 shown in Fig. 2 had roughly the same activity of L-A ssRNA synthesis (data not shown). Therefore, the maklO(Ts) mutant had a normal amount of the main-peak particles, and during CsCl density gradient centrifugation, those main-peak particles were broken for some reason. Mixing of crude extracts from TF229 (MAKIO) and TF230 [maklO(Ts)] followed by CsCl gradient centrifugation gave the expected amount of the main-peak particles derived from the MAKIO cells (data not shown), indicating that the main-peak L-A VLPs from the maklO(Ts) Spore clones of tetrads 1 and 7 from a cross of TF134 (maklO(Ts) SKI2 mktl) with RE56 (MAKIO ski2-2 mktl) were grown at 20°C (the permissive temperature) or 30°C (the nonpermissive temperature). L-A dsRNA was extracted from equal amounts of the segregants as described by Fried and Fink (8) and analyzed by agarose gel electrophoresis. Ethidium bromide staining of the gel is shown. The maklO(Ts) marker was tested by temperature-sensitive maintenance of [HOK] activity, a marker located on L-A dsRNA. The ski2-2 marker was determined by suppression of [NEX] activity in a diploid resulting from a cross with a ski2-2 mktl strain which has M2 and L-A-HN dsRNAs (16) . ski2-21ski2-2 mktllmktl homozygous diploids will maintain M2 stably at 30°C in the presence of L-A-HN, while ski2-21+ mktllmktl diploids will lose M2 under these conditions. The maklO(Ts) and ski2-2 genotypes [ Fig. 1 ) so far examined (data not shown). The ski2-2 mutation had no effect on this instability (data not shown).
Preliminary experiments showed that both the main-peak Fig. 2C and DI or from TF229 (MAKJO; particles of fraction 13 in Fig. 2A and B) were incubated with the RNA polymerase reaction mixture at 30 or 23°C. At the times indicated, aliquots were withdrawn, and the products were extracted with phenol and analyzed in an agarose gel. An autoradiogram of the gel is shown.
particles and the dsRNA-synthesizing particles from the maklO(Ts) mutant were more unstable than those from the MAKIO strain under low-salt conditions but that only the dsRNA-synthesizing particles from the maklO(Ts) mutant were stabilized to the same level as those from the MAKIO strain by 3 M CsCl (data not shown). This CsCl concentration is roughly the same as the initial concentration of CsCl used for density gradient centrifugation.
We previously showed that pet18 mutations that result in temperature-dependent maintenance of L-A dsRNA cause structural thermoinstability of L-A dsRNA-containing VLPs (10) . To examine whether the lighter dsRNA-synthesizing particles were also so affected, we harvested pet18 cells (TF223) growing logarithmically at 20°C and prepared L-A VLPs. We found only dsRNA-synthesizing particles from petl8 cells after CsCl density gradient centrifugation (Fig.  2E) , a result similar to that found for the maklO(Ts) mutant.
From these results, we conclude that the MAKJO and PET18 gene products are necessary for the stability of at least the main-peak L-A VLPs.
Functional maturation of L-A dsRNA-synthesizing particles. Previous experiments suggested that L-A dsRNAsynthesizing VLPs from wild-type cells began synthesizing ssRNA after they had completed dsRNA synthesis (9) . However, because of the possibility of contamination of dsRNA-synthesizing VLPs with small amounts of main-peak VLPs, we decided to repeat this experiment with VLPs from a maklO(Ts) strain. In addition, in the previous experiment, we did not examine which strand was present in the ssRNA produced.
dsRNA-synthesizing particles from maklO(Ts) mutants prepared by CsCl density gradient centrifugation were virtually free from contamination with the main-peak particles. When these particles (fraction 11 particles of Fig. 2C and D) were incubated with an RNA polymerase reaction mixture, the particles completed dsRNA synthesis after about 45-and 70-min incubations at 30 and 23°C, respectively (Fig. 3) , and thereafter the total amounts of dsRNA synthesized remained constant during incubation. After a time lag, these particles started to synthesize ssRNA, and the lag corresponded roughly to the time needed to synthesize ssRNA (9) (data not shown). For dsRNA-synthesizing particles from the MAKIO strain, the result was less clear because of contamination by a small number of the main-peak particles; however, the pattern of dsRNA synthesis followed by ssRNA synthesis with the same time lags was essentially the same as for particles from the maklO(Ts) strain (Fig. 3) . These results indicate a functional in vitro maturation of dsRNAsynthesizing particles.
We confirmed by hybridization experiments with M13-cloned plus-and minus-strand fragments of L-A dsRNA that dsRNA and ssRNA produced by dsRNA-synthesizing particles were really the minus strand of L-A dsRNA and the plus strand L-A ssRNA, respectively (Fig. 4) .
During a 45-min incubation at 30°C, dsRNA-synthesizing particles from TF230 [maklO(Ts)] synthesized only dsRNA (Fig. 4, lane 1) . After heat denaturation, this product hybridized with plus-strand DNA of the M13-cloned L-A fragment (lane 2) but not with minus-strand DNA (lane 3). Without heat denaturation, the product did not hybridize with plusor minus-strand DNA (lanes 4 and 5) . A longer incubation (135 min) at 30°C allowed the particles to synthesize ssRNA (lane 6) , and without heat denaturation, this ssRNA hybridized with minus-strand DNA (lane 8) but not with plusstrand DNA (lane 7) . These results clearly indicate that the newly synthesized strand of dsRNA was the minus strand of L-A dsRNA and that the ssRNA produced by L-A dsRNAsynthesizing particles after prolonged incubation was plusstrand L-A ssRNA. We obtained essentially the same results by hybridization experiments with dsRNA-synthesizing particles from MAKJO strains (9) (data not shown).
L-A dsRNA-synthesizing particles have the same major coat under which only dsRNA is produced; lanes 1 to 5) or for 135 min (dsRNA and ssRNA produced; lanes 6 to 8), and the products were extracted with phenol. After heat denaturation, or without heat denaturation, the extracted products were hybridized with 2 ,ug of M13 8pl (plus-strand fragment of L-A dsRNA) or M13 8w3 (minusstrand fragment of L-A dsRNA) (17) , and the hybrids formed were analyzed in an agarose gel. An autoradiogram of the gel is shown. Lanes: 1 and 6, RNA polymerase products as control; 2 and 3, the dsRNA product was heat denatured and hybridized with M13 8pl (plus strand) and M13 8w3 (minus strand), respectively; 4 and 5, without heat denaturation, the dsRNA product was hybridized with M13 8pl (plus strand) and M13 8w3 (minus strand), respectively; 7 and 8, without heat denaturation, both ssRNA and dsRNA products were hybridized with M13 8pl (plus strand) and M13 8w3 (minus strand), respectively. protein as that of the main-peak particles. We examined the protein composition of L-A dsRNA-synthesizing particles. To decrease the likelihood of protein degradation, we constructed maklO(Ts) ski2-2 pep4 triple mutants by crossing TF230 with a pep4 strain (2504). PEP4 encodes protease A and controls the production of the three major proteases of S. cerevisiae (see, for example, reference 26). From one of these triple mutants and also from a MAKJO ski2-2 pep4 strain as a control, L-A VLPs were prepared as described in Materials and Methods, but with the slight modification that protein inhibitors (1 mM phenyltnethylsulfonyl fluoride, 10 ,uM L-1-tosylamide-2-phenylethylchloromethyl ketone [TPCK] , and 10 ,uM N-a-p-tosyl-L-lysinechloromethyl ketone [TLCK]) were added to all the buffers used after cell breakage. Figure 5 shows a sodium dodecyl sulfatepolyacrylamide gel of CsCl density gradient fractions from a maklO(Ts) mutant stained with Coomassie brilliant blue. Again, the main-peak particles were broken during centrifugation, and there was almost no major coat protein (88 kilodaltons) in the position (fraction 6) whose density (1.410 g/ml) corresponds to that of the main peak particles. However, the amount of the major coat protein increased with decreasing density and reached a maximum at fractions 12 and 13. The peak of dsRNA-synthesizing activity was between fractions 12 and 13 (data not shown). These results indicate that L-A dsRNA-synthesizing particles have the same major coat protein as that of the main peak particles.
t vitro structural maturation of L-A VLPs. We proposed that L-A dsRNA-synthesizing VLPs later make plus-strand ssRNA because their having made dsRNA in vitro converts them into main-peak particles (9) . To test this, we rebanded the dsRNA-synthesizing particles from a MAKIO strain and were separated by CsCl gradient centrifugation. Protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 10 ,uM TLCK, and 10 ,uM TPCK) were added to all the buffers used after cell breakage.
After fractionation of the gradient, aliquots (25 RId) of each fraction (fractions 5 to 17 as shown in the figure) were treated with 10o trichloroacetic acid at 70°C for 5 min and analyzed on a 12% polyacrylamide gel containing 0.1% sodium dodecyl sulfate. As a control, main peak particles and dsRNA-synthesizing particles (lanes A and B, respectively) from a MAKIO strain (TF250) were treated similarly. Positions of molecular weight standard markers are shown on the left of the figure. The arrow shows the major coat protein of L-A VLPs, and the arrowhead indicates the fraction expected for the main-peak particles. In vitro density shift of dsRNA-synthesizing particles. dsRNA-synthesizing particles (density, 1.359 g/ml) from a MAKIO strain (RE59) were incubated with an RNA polymerase reaction mixture. The particles labeled with 32P were purified by a Sephadex G50 column and rebanded by CsCl gradient centrifugation. Before the centrifugation, the main-peak particles (density, 1.410 g/ml) from RE59 were added to the sample as an internal standard. The gradient was fractionated, and the density and radioactivity of each fraction were measured (solid circles in panel A). dsRNA was then extracted with phenol from portions of each fraction and analyzed in an agarose gel. Ethidium bromide staining (B) and an autoradiogram (C) of the gel show unlabeled L-A dsRNA of the main peak particles added as an internal standard and in vitro-labeled L-A dsRNA of the dsRNA-synthesizing particles, respectively. As a control, the dsRNA-synthesizing particles were subjected to CsCl gradient centrifugation without an RNA polymerase reaction. The gradient was fractionated, and the density and RNA polymerase activity of each fraction were measured (open circles in panel A). Recoveries of the radioactivity and RNA polymerase activity in the gradients were 57 and 86%, respectively.
(RE59) before and after dsRNA synthesis was allowed to proceed in vitro. Particles that did not undergo in vitro RNA synthesis rebanded at the same light density (Fig. 6A) , but those that synthesized the minus strand to make dsRNA in vitro now banded at a denser position, corresponding to that of the main peak particles (Fig. 6B and C) . This result indicates that the dsRNA-synthesizing particles were converted by the in vitro RNA polymerase reaction into particles that were structurally equivalent to the main-peak particles.
DISCUSSION
We previously reported a new type of L-A VLP of a lighter density whose in vitro RNA polymerase product is L-A dsRNA (9) . The newly synthesized strand of L-A dsRNA is the minus strand, whereas the mature L-A VLPs, which contain one L-A dsRNA molecule per particle, make plus-strand L-A ssRNA. The lightest particles, which have MOL. CELL. BIOL. the L-A dsRNA-synthesizing activity, seem to contain only plus-strand L-A ssRNA (9) . In this paper, we demonstrate that these L-A dsRNA-synthesizing particles have the same major coat protein as that of the mature particles (Fig. 5 ) and that these dsRNA-synthesizing particles were converted by in vitro dsRNA synthesis to the mature particles as judged by their shifted density in CsCl (Fig. 6 ) and their acquisition of the ability to synthesize plus-strand L-A ssRNA (Fig. 4) . These results indicate that the structural and functional in vitro maturation of L-A dsRNA-synthesizing particles consists simply of their synthesizing the minus strand. As shown previously, these dsRNA-synthesizing particles were found when particles were prepared from logarithmically growing cells but not from stationary-phase cells (9) . Furthermore, in vivo pulse-chase experiments indicate sequential replication of L-A dsRNA, first plus-strand synthesis and then minusstrand synthesis (15) . This in vivo replication sequence is compatible with our in vitro experimental results. Therefore, these three lines of evidence suggest that the L-A dsRNAsynthesizing particle is really an intermediate of L-A dsRNA replication. Thus, the L-A dsRNA replication cycle proposed previously (9) and shown schematically in Fig. 7 has been demonstrated in vitro except for encapsidation of plus-strand L-A ssRNA into VLPs.
In vivo density transfer experiments suggest a conservative mode of L-A dsRNA replication but with the qualification that semiconservative replication may be being carried out by a small portion of the total L-A dsRNA population (14, 15) .
Both modes of replication are compatible with the sequential in vivo L-A dsRNA replication and with our in vitro experimental results of L-A dsRNA synthesis. The sequential replication of L-A implies that it is the mechanism of plus-strand synthesis that determines whether the overall reaction is conservative or semiconservative. We have shown that the in vitro transcription of L-A dsRNA (plusstrand ssRNA synthesis) is conservative (9) and that 30% of all particles are active in plus-strand synthesis. Thus, the semiconservative model has to postulate specialized particles which are involved in in vivo L-A dsRNA replication and in making plus-strand L-A ssRNA semiconservatively but which are inactive in in vitro transcription. There is so far no evidence for such particles. In addition, the semiconservative model would have to explain why plus strands made conservatively do not become templates for minus-strand synthesis in vivo.
L-A dsRNA requires products of the chromosomal genes MAK3, MAKIO, and PET18 (MAK31 and MAK32 [22] ) for its replication (18, 19, 25 (10) .
Toh-e and Sahashi (22) found that two open reading frames (MAK31 and MAK32) are necessary to complement the L-A maintenance defect ofpetl8 mutants and that all petl8 mutations studied (including the pet18-1 allele used in our study) have large deletions, including the entirety of MAK31 and MAK32. Therefore, the complete deletion of these genes caused both temperature-sensitive maintenance of L-A dsRNA in vivo and unstable mature L-A VLPs in vitro.
Perhaps the PET18 gene products are present in L-A VLPs and the loss of these products results in unstable L-A VLPs. Alternatively, perhaps the PET18 products are necessary for modification of other gene products (for example, the MAKJO product) which are present in L-A VLPs. There seems to be modulation of L-A dsRNA replication by cell growth, because we did not find L-A dsRNAsynthesizing particles when particles were prepared from stationary-phase cells (9) . This suggests that this modulation is at the step of transcription or encapsidation of the transcripts into VLPs. In the latter case, some chromosomal gene product whose expression is controlled by cell growth may be involved in this encapsidation step. Alternatively, the decrease in protein synthesis in the stationary phase may result in failure to provide new coat protein to form new particles.
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